This paper investigates critical heat flux (CHF) in saturated pool boiling for water and TiO 2 nanofluid on a 7 mm diameter vertical copper surface at pressures of 0.1 to 0.8 MPa.
Introduction
Nanofluids are suspensions of nanoparticles dispersed in a base liquid. A unique characteristic in nanofluid boiling is that the critical heat flux (CHF) is significantly higher than the CHF of the base liquid, and on account of this characteristic nanofluids have potential applications as coolants of thermal devices with high heat flux components, including nuclear power reactors. The enhancement of the CHF with nanofluids was reported first by You et al. [1] in 2003. They carried out experiments with pool boiling on an upward facing surface with an Al 2 O 3 -water nanofluid at 0.02 MPa and found that the CHF with the nanofluid was 3.1 times higher than that with water. Since then, many researchers [2] [3] [4] [5] [6] have measured the CHF in nanofluid boiling using various kinds of nanoparticles (SiO 2 , Al 2 O 3 , CuO, and TiO 2 ), and reported that the CHF is markedly enhanced compared with the CHF of water, similarly to the results by You et al.
It has been established that nanoparticles are deposited on heating surfaces during boiling of nanofluids and the general consensus is that this is likely the cause of the CHF enhancement with nanofluids. Kwark et al. [7] measured the CHF of water boiling on a 10mm×10mm upward facing heating surface on which the Al 2 O 3 nanoparticles were previously deposited and reported that the CHF of water increases with the improvement in wettability (with the decrease in the static contact angle) due to the nanoparticle deposition. Kim and Kim [8] boiled different nanofluids with 0.2mm diameter horizontal wires to deposit layers of the nanoparticles on the wires and concluded that the CHF increase shown by the effect of the nanofluids is a result of both the increase in surface wettability and the capillarity in the porous layer of the deposited nanoparticles. Sakashita [9] measured liquid-vapor behaviors close to a heating surface using a conductance probe during pool boiling of water on an upwards-facing heating surface coated with TiO 2 nanoparticles, and specified the macrolayer thicknesses formed beneath vapor masses. Sakashita [9] established that the macrolayers formed on the TiO 2 coated surface are thicker than those on the uncoated (clean) surface, and concluded that this is most likely a main cause of the CHF enhancement with nanofluids. Kim et al. [10] measured the CHF of water boiling on a 0.2mm horizontal wire on which a TiO 2 nanoparticle coated layer was previously deposited by previous boiling in nanofluid. The wettability and thickness of the deposited layer were varied by controlling the heat flux and duration of this previous boiling. Through these measurements, Kim et al. concluded that capillarity and additional liquid held in the porous layer (which leads to an increase in the effective macrolayer thickness) are responsible to the CHF increase. In a similar study, Park et al. [11] measured the CHF of water on a 0.49mm diameter horizontal wire on which Al 2 O 3 nanoparticle layers with different thicknesses and porosities were previously deposited by previous boiling in the nanofluid. Park et al observed that with the increase in the previous boiling time the CHF increases steeply for short previous boiling times, and after peaking gradually decreases with longer previous boiling times. Park et al. mentioned that the steep increase in the CHF at short previous boiling times can be explained by the increase in wettability and the change in hydrodynamic instability, and that the gradual decrease in the CHF for longer previous boiling times by a decrease in the porosity of the nanoparticle layer.
As mentioned above, valuable information has been accumulated for the CHF enhancement with nanofluids; however, most studies are carried out at atmospheric or lower pressures. Considering the application of nanofluids in emergency core cooling systems in nuclear power plants, it is important to know the CHF behavior of nanofluids at higher pressures. For example, Buongiorno et al. [12] proposed the use of nanofluids to enhance the in-vessel retention (IVR) capability in management strategies of severe accidents in light-water reactors. In the IVR strategy, the reactor vessel is flooded with water if a severe accident occurs and the decay heat of the molten core relocated to the lower head of the reactor vessel is removed through nucleate boiling on the outer wall of the reactor vessel. Therefore, if the CHF of the water can be expected to be enhanced by using nanofluids in a severe accident condition, the use of nanofluids would improve the IVR safety margin of currently operating reactors and enable the IVR strategy to be applied to advanced reactors with higher core power densities. Under severe accident conditions, it is expected that the ambient pressure surrounding the reactor vessel would be higher than the atmospheric pressure, and therefore it is important to examine the CHF behavior of nanofluids at higher than atmospheric pressure to assess the capability and applicability of the IVR strategy.
In research on the CHF of nanofluids at pressures above the atmospheric pressure, Lee et al. [13] carried out experiments with Fe 3 O 4 -water and Al 2 O 3 -water nanofluids boiling on 0.4mm diameter horizontal wires at pressures of 0.1, 0.6, and 1.0 MPa, and reported that the CHF enhancement remains at almost the same value (1.4 to 1.6 times the CHF of water) at the three different pressures. However, it is also well known that the CHF of fine wires varies in a complicated manner dependent on the wire diameter [14, 15] . Therefore, there is the possibility that the effect of pressure on the CHF enhancement using nanofluids will be different for different configurations of the boiling surfaces. Kwark et al. [7] carried out an experiment with water boiling on a 10 This study carried out an experiment with boiling of TiO 2 -water nanofluid on a 7 mm diameter copper heating surface. The heating surface was placed vertically to allow the observation of the boiling behaviors on the heating surface using high speed video under high pressure condition. The CHF in water and with the nanofluid was measured at pressures 0.1 to 0.8 MPa, and the effect of the pressures on the CHF enhancement using nanofluids was examined.
Experiment
The experiments were carried out in saturated pool boiling conditions. Figure 1 shows the heating module used in the present experiments. One end of a copper rod placed in a cylindrical stainless steel housing unit served as the heating surface and it was heated with a cartridge heater inserted into the copper rod. The diameter of the heating surface was 7 mm. Three sheathed thermocouples (0.5 mm diameter) were embedded 5 mm, 12 mm, and 19 mm below the heating surface to determine the surface temperature and surface heat flux. The copper rod and the surrounding 1mm thick stainless steel flange (the end surface of the housing unit) were attached by shrink-fitting.
The surfaces of the copper and the stainless steel flange were machined to be flush, and then Ni was electroplated over the two surfaces to avoid corrosion and nucleation of bubbles at the interface between the copper surface and the surrounding flange. The thickness of the Ni plating was about 3μm. The present experiment used TiO 2 nanoparticles (Sigma-Aldrich) with a vendor specified average size of 25 nm. The experiments with the nanofluid were carried out in the following manner: 0.002 wt% of TiO 2 nanoparticles was mixed with de-ionized water (electro conductivity below 0.2 µS cm -1 ) and dispersed in an ultrasonic bath for 30 min.
Then the nanofluid was poured into the high pressure cell and decompressed with a vacuum pump to make it boil at room temperature. After boiling at room temperature for several minutes for degassing, the liquid was heated to a saturation temperature at a set pressure level by heaters wound around the high pressure cell and maintained at that temperature by adjusting the input to the heaters and the flow rate of the cooling water through the cooling coils. Then the boiling curves were recorded at stepwise increasing heat inputs to the cartridge heater in the copper heating module. When approaching the CHF, the size of the increments in the heat input was reduced, and the heat flux when the surface temperature was raised rapidly was defined as the CHF. The time from the start of boiling to the occurrence of CHF was about 1 to 1.5 hrs.
During each experiment, the bulk temperature of the liquid was maintained (Figure 4(b) ). In the present experiments with a 7 mm diameter heating surface, the large coalesced bubbles completely covering the heating surface were formed at 40% to 50 % of the CHF. <Figure 4> Figure 5 shows the appearances of the heating surface after the CHF measurements for the boiling of the nanofluid at three different pressures: 0.1, 0.25, and 0.8 MPa. The appearances of the TiO 2 coatings appear somewhat different on the three surfaces probably due to the differences in shape and size of the bubbles and the nucleation site densities, while most of the surface is covered with a TiO 2 layer. For the three surfaces, the static contact angle was measured at room temperature under atmospheric pressure by detaching the heating module from the high pressure cell and by placing a water droplet (3 μL) on the surface. The static contact angles at the three surfaces showed similar values, around 0° to 5°. <Figure 5> Equation (1) proposed by Zuber [17] and Lienhard and Dhir [18] , and the correlation proposed by Kandlikar [19] . The correlation by Zuber and Lienhard and Dhir is given by (2) where β is the dynamic receding contact angle and φ is the angle of inclination of the surface measured in relation to the upward position (φ=90° for the present measurements with the vertical surface). The present experiments did not measure the dynamic receding contact angle, β, and therefore, β=45°, the value recommended for water/copper systems by Kandlikar, was used for water. For the nanofluid, β was assumed to be 0°, because the static contact angle measured after the CHF measurements was close to 0° as mentioned in the preceding section.
Pressure Effect on CHF Enhancement with the Nanofluid
For water boiling, the measured CHF at 0.1 MPa agrees well with the values predicted by Equation (1), at higher pressures however, the measured CHF values are larger than the predicted values and the discrepancy increases with the increases in pressure. Equation (2) predicts lower values than the present data for water and nanofluid and the predicted values by Equation (1) over the whole range of pressures (The main reason of the discrepancy for the CHF of water between Equations (1) and (2) comes from the term in the last parenthesis on the right hand side of Equation (2) expressing the effect of the surface orientation. With β=45°, Equation (2) predicts the CHF for a vertical surface (φ=90°) as 43% lower than the CHF for a horizontal surface (φ=0°)).
The reason why the present data of CHF for water tends to be different from the predictions of Equation (1) with the increase in pressure is unclear. The present data are obtained for a vertical surface of relatively small size (7mm diameter), and this may lead to a pressure dependence different from Equation (1) derived for an infinitely large upward facing surface. Further study would be necessary to elucidate details of this. Figure 9 , it may be surmised that a main reason why the CHF enhancement effect decreases with the increasing pressure could be that the surface wettability is increased with the increase in pressure, and that the effect of the wettability improvement due to the nanoparticle deposition on the CHF is reduced.
<Figure 9>
Conclusions
The CHF for pool boiling of water and TiO 2 -water nanofluid on a 7 mm diameter vertical copper surface was measured in the pressure range of 0.1 to 0.8 MPa. The conclusions obtained in the present study may be summarized as follows:
(1) The CHF of water and nanofluid increase steeply with the increase in the pressure.
(2) The effect of the CHF enhancement with the nanofluid decreases with the increase in the pressure and almost disappears at 0.8 MPa.
(3) When the CHF enhancement is assumed to be caused by the improvement in surface wettability due to the deposition of nanoparticles on the heating surface, the cause of the result described in (2) may be that the wettability of the heating surface is increased with the increase in pressure. 
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Figure 2
High pressure cell.
Figure 3
Temperature distributions in the copper heating module (with boiling nanofluid at 0.5 MPa).
Figure 4
Appearance of water boiling at 0.8 MPa at two heat fluxes.
Figure 5
Appearance of the heating surface after the CHF measurements with the nanofluid at three pressures.
Figure 6
Boiling curves for water and nanofluid at 0.1 and 0.6 MPa. 
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